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(7) ABSTRACT

A structured surface articles such as molds or sheeting are
formed on a compound substrate including a machined
substrate and a replicated substrate. In one embodiment, the
structured surface is a cube corner element on a compound
substrate. In another embodiment, the structured surface is a
geometric structure that has a plurality of faces, where one
face is located on the machined substrate and another face is
located on the replicated substrate. In yet another embodi-
ment, at least some of the faces include a compound face
with a portion formed on the machined substrate and a
portion formed on the replicated substrate. The method of
making a structured surface article including a geometric
structure having a plurality of faces includes forming an
array of geometric structures in a first surface of a machined
substrate; passivating selected locations of the first surface
of the machined substrate; forming a replicated substrate of
the machined substrate to form a compound substrate;
forming an array of second geometric structures on a second
surface opposite the first surface on the machined substrate;
and removing selected portions from the second surface of
the machined substrate.
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COMPOUND MOLD AND STRUCTURED
SURFACE ARTICLES CONTAINING GEOMETRIC
STRUCTURES WITH COMPOUND FACES AND
METHOD OF MAKING SAME

BACKGROUND

[0001] The present invention relates generally to struc-
tured surfaces fabricated using microreplication techniques.
The invention has particular application to structured sur-
faces that comprise retroreflective cube corner elements.

[0002] The reader is directed to the glossary at the end of
the specification for guidance on the meaning of certain
terms used herein.

[0003] Tt is known to use microreplicated structured sur-
faces in a variety of end use applications such as retrore-
flective sheeting, mechanical fasteners, and abrasive prod-
ucts. Although the description that follows focuses on the
field of retroreflection, it will be apparent that the disclosed
methods and articles can equally well be applied to other
fields that make use of microreplicated structured surfaces.

[0004] Cube corner retroreflective sheeting typically com-
prises a thin transparent layer having a substantially planar
front surface and a rear structured surface comprising a
plurality of geometric structures, some or all of which
include three reflective faces configured as a cube corner
element.

[0005] Cube corner retroreflective sheeting is commonly
produced by first manufacturing a master mold that has a
structured surface, such structured surface corresponding
either to the desired cube corner element geometry in the
finished sheeting or to a negative (inverted) copy thereof,
depending upon whether the finished sheeting is to have
cube corner pyramids or cube corner cavities (or both). The
mold is then replicated using any suitable technique such as
conventional nickel electroplating to produce tooling for
forming cube corner retroreflective sheeting by processes
such as embossing, extruding, or cast-and-curing. U.S. Pat.
No. 5,156,863 (Pricone et al.) provides an illustrative over-
view of a process for forming tooling used in the manufac-
ture of cube corner retroreflective sheeting. Known methods
for manufacturing the master mold include pin-bundling
techniques, laminate techniques, and direct machining tech-
niques. Each of these techniques has its own benefits and
limitations.

[0006] In pinbundling techniques, a plurality of pins, each
having a geometric shape such as a cube corner element on
one end, are assembled together to form a master mold. U.S.
Pat. No. 1,591,572 (Stimson) and U.S. Pat. No. 3,926,402
(Heenan) provide illustrative examples. Pin bundling offers
the ability to manufacture a wide variety of cube corner
geometry in a single mold, because each pin is individually
machined. However, such techniques are impractical for
making small cube corner elements (e.g. those having a cube
height less than about 1 millimeter) because of the large
number of pins and the diminishing size thereof required to
be precisely machined and then arranged in a bundle to form
the mold.

[0007] In laminate techniques, a plurality of plate-like
structures known as laminae, each lamina having geometric
shapes formed on one end, are assembled to form a master
mold. Laminate techniques are generally less labor intensive
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than pin bundling techniques, because the number of parts to
be separately machined is considerably smaller, for a given
size mold and cube corner element. However, design flex-
ibility suffers relative to that achievable by pin bundling.
Ilustrative examples of laminate techniques can be found in
U.S. Pat. No. 4,095,773 (Lindner); International Publication
No. WO 97/04939 (Mimura et al.); and U.S. application Ser.
No. 08/886,074, “Cube Corner Sheeting Mold and Method
of Making the Same”, filed Jul. 2, 1997.

[0008] In direct machining techniques, series of grooved
side surfaces are formed in the plane of a planar substrate to
form a master mold. In one well known embodiment, three
sets of parallel grooves intersect each other at 60 degree
included angles to form an array of cube corner elements,
each having an equilateral base triangle (see U.S. Pat. No.
3,712,706 (Stamm)). In another embodiment, two sets of
grooves intersect each other at an angle greater than 60
degrees and a third set of grooves intersects each of the other
two sets at an angle less than 60 degrees to form an array of
canted cube corner element matched pairs (see U.S. Pat. No.
4,588,258 (Hoopman)). Direct machining techniques offer
the ability to accurately machine very small cube corner
elements in a manner more difficult to achieve using pin
bundling or laminate techniques because of the latter tech-
niques’ reliance on constituent parts that can move or shift
relative to each other, and that may separate from each other,
whether during construction of the mold or at other times.
Further, direct machining techniques produce large area
structured surfaces that generally have higher uniformity
and fidelity than those made by pin bundling or laminate
techniques, since, in direct machining, a large number of
individual faces are typically formed in a continuous motion
of the cutting tool, and such individual faces maintain their
alignment throughout the mold fabrication procedure.

[0009] However, a significant drawback to direct machin-
ing techniques has been reduced design flexibility in the
types of cube corner geometry that can be produced. By way
of example, the maximum theoretical total light return of the
cube corner elements depicted in the Stamm patent refer-
enced above is approximately 67%. Since the issuance of
that patent, structures and techniques have been disclosed
which greatly expand the variety of cube corner designs
available to the designer using direct machining. See, for
example, U.S. Pat. No. 4,775,219 (Appledom et al.); U.S.
Pat. No. 4,895,428 (Nelson et al.); U.S. Pat. No. 5,600,484
(Benson et al.); U.S. Pat. No. 5,696,627 (Benson et al.); and
U.S. Pat. No. 5,734,501 (Smith). Some of the cube corner
designs disclosed in these later references can exhibit effec-
tive aperture values well above 67% at certain observation
and entrance geometry.

[0010] Nevertheless, an entire class of cube corner ele-
ments, referred to herein as “preferred geometry” or “PG”
cube corner elements, have up until now remained out of
reach of known direct machining techniques. A substrate
incorporating one type of PG cube corner element is shown
in the top plan view of FIG. 1. The cube corner elements
shown there each have three square faces, and a hexagonal
outline in plan view. One of the PG cube corner elements is
highlighted in bold outline for ease of identification. The
highlighted cube corner element can be seen to be a PG cube
corner element because it has a non-dihedral edge (any one
of the six edges that have been highlighted in bold) that is
inclined relative to the plane of the structured surface, and
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such edge is parallel to adjacent nondihedral edges of
neighboring cube corner elements (each such edge high-
lighted in bold is not only parallel to but is contiguous with
nondihedral edges of its six neighboring cube corner ele-
ments).

[0011] Disclosed herein are methods for making geomet-
ric structures, such as PG cube corner elements, that make
use of direct machining techniques. Also disclosed are
molds to manufacture articles according to such methods,
such articles characterized by having at least one specially
configured compound face.

BRIEF SUMMARY

[0012] Structured surface articles such as molds or sheet-
ing are formed on a compound substrate comprising a
machined substrate and a replicated substrate. In one
embodiment, the structured surface is a cube corner element
on a compound substrate. In another embodiment, the struc-
tured surface comprises a geometric structure that has a
plurality of faces, where one face is located on the machined
substrate and another face is located on the replicated
substrate. The geometric structure can optionally be a cube
corner element or a PG cube corner element.

[0013] In yet another embodiment, at least some of the
faces comprise a compound face with a portion formed on
the machined substrate and a portion formed on the sub-
stantially replicated substrate. A transition line may separate
the portion of a compound face located on the machined
substrate from the portion located on the replicated sub-
strate. The portion of the compound face on the machined
substrate and the portion on the replicated substrate typically
have angular orientations that differs by less than 10 degrees
of arc.

[0014] Another embodiment is directed to a geometric
structure having a plurality of faces disposed on a compound
substrate. The compound substrate comprises a machined
substrate having a structured surface and a substantially
replicated substrate bonded along only a portion of an
interface with the machined substrate.

[0015] In another embodiment, the compound substrate
comprises a substantially replicated substrate having a struc-
tured surface and a discontinuous machined substrate cov-
ering only a portion of the structured surface. The compound
substrate also comprises at least one geometric structure
having at least one face disposed on the structured surface
and at least another face disposed on the machined substrate.

[0016] Another embodiment is directed to a compound
substrate comprising a substantially replicated substrate and
a machined substrate. The replicated substrate has a struc-
tured surface and the machined substrate disposed in dis-
crete pieces on the structured surface.

[0017] Another embodiment is directed to a compound
mold having a structured surface comprising cavities formed
in a replicated substrate and a plurality of pyramids border-
ing the cavities that are machined at least in part in a
machined substrate of the compound substrate.

[0018] Cube corner elements, and structured surfaces
incorporating an array of such elements, are disclosed
wherein at least one face of the cube corner element termi-
nates at a nondihedral edge of such element, the face
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comprising two constituent faces disposed on opposed sides
of a transition line that is nonparallel to the nondihedral
edge. The cube corner element can comprise a PG cube
corner element where some or all of such elements comprise
two constituent faces disposed on opposed sides of a tran-
sition line that is nonparallel to the respective nondihedral
edge and the transition line comprises an interface between
two adjacent layers of a compound substrate. In an array of
neighboring cube corner elements, each cube corner element
in the array can have at least one face configured as
described above. Further, the cube corner elements can be
made very small (well under 1 mm cube height) due to the
direct machining techniques employed.

[0019] Also disclosed is a method of making a structured
surface article comprising a geometric structure having a
plurality of faces. The method comprises the steps of form-
ing an array of geometric structures in a first surface of a
machined substrate; passivating selected locations of the
first surface of the machined substrate; forming a replicated
substrate of the machined substrate to form a compound
substrate; forming an array of second geometric structures
on a second surface opposite the first surface on the
machined substrate; and removing selected portions from
the second surface of the machined substrate to form an
array of neighboring cube corner elements. The cube corner
elements can be PG cube corner elements.

[0020] In another embodiment, the method of making a
structured surface article comprises the steps of forming an
array of geometric structures in a first surface of a machined
substrate; passivating selected locations of the first surface
of the machined substrate; forming a replicated substrate of
the machined substrate to form a compound substrate;
forming an array of second geometric structures on a second
surface opposite the first surface on the machined substrate;
and removing selected portions from the second surface of
the machined substrate to form a geometric structure having
a plurality of faces, wherein at least one of the faces is
located on the machined substrate and at least one of the
faces is located on the replicated substrate.

[0021] In another embodiment, the method of making a
geometric structure in an article comprises providing a
compound substrate having a structured surface formed
along an internal interface between two substrates; and
forming grooved side surfaces in an exposed surface of the
compound substrate to form a geometric structure, the
geometric structure comprising a portion of the internal
interface and a portion of the grooved side surfaces.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1 is a plan view of a structured surface
comprising one type of PG cube corner element array,
known from the PRIOR ART.

[0023] FIG. 2 is a perspective view of an assembly
including a machined substrate.

[0024]
2.

[0025] FIG. 4 is a perspective view of the substrate of
FIG. 2 after a first machining operation.

[0026] FIG. 5 is a close-up perspective view of a portion
of the machined substrate illustrated in FIG. 4.

FIG. 3 is a sectional view of the substrate of FIG.
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[0027] FIG. 6 is a sectional view of an assembly including
a compound substrate.

[0028] FIG. 6a is an enlarged section of the compound
substrate of FIG. 6.

[0029] FIG. 7 is a perspective view of the assembly of
FIG. 6 with one of the machining bases removed.

[0030] FIG. 8 is a perspective view of the assembly of
FIG. 7 with a portion of a blank surrounding the machined
substrate removed.

[0031] FIG. 9 is cross-sectional view of the machining of
the compound substrate of FIG. 7.

[0032] FIG. 10 is a perspective view of the compound
substrate of FIG. 8 after the second machining operation.

[0033] FIG. 11 is atop view of FIG. 10.

[0034] FIGS. 12-14 are top plan views of structured
surfaces having canted PG cube corner elements, such
surfaces being capable of fabrication using the methods
discussed in connection with FIGS. 2-11.

[0035] FIG. 15 is a top plan view of an alternate machined
substrate in accordance with the present invention.

[0036]
1s.

[0037] FIG. 17 is a sectional view of the substrate of FIG.
15 with a passivated surface.

[0038] FIG. 18 is a top plan view of the substrate of FIG.
17 with portions of the passivated surface removed.

[0039]
18.

[0040] FIG. 20 is a sectional view of an assembly includ-
ing a compound substrate.

[0041] FIG. 21 is a top plan view of the machining of the
compound substrate of FIG. 20.

[0042] FIG. 22 is a sectional view of the substrate of FIG.
21.

[0043] FIG. 23 is a top plan view of the compound
substrate of FIG. 21 after the second machining operation.

[0044] In the drawings, the same reference symbol is used
for convenience to indicate elements that are the same or that
perform the same or a similar function.

FIG. 16 is a sectional view of the substrate of FIG.

FIG. 19 is a sectional view of the substrate of FIG.

DETAILED DESCRIPTION OF THE
ILLUSTRATIVE EMBODIMENTS

[0045] FIGS. 2 and 3 illustrate an assembly 20 useful for
making a structured surface (see FIGS. 9-10) in accordance
with the present invention. The assembly 20 includes a blank
22 bonded to a first machining base 24 by a first bonding
layer 26. In the illustrated embodiment, the blank 22 is a
continuous structure that includes a deck 27 and a series of
reference pads 30a, 30b, 30c, 30d, 30e, 30f (collectively
referred to as 30) that extend above surface 32. In one
embodiment, the deck 27 has a height 34 generally equal to
a height 36 of the reference pads 30. The number of
reference pads 30 can vary depending upon the application.
In an alternate embodiment, the deck 27 and the reference
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pads 30 can be discrete elements bonded to the first machin-
ing base 24, rather than the continuous blank 22 shown in
FIG. 2.

[0046] Blank 22 is composed of a material that can be
scribed, cut, or otherwise machined without significant
post-machining deformation and without substantial burr-
ing. This is to ensure that the machined faces, or replications
thereof in other substrates, can function as effective optical
reflectors. The blank 22 may be constructed from various
materials, such as copper, nickel, aluminum, acrylic, or other
polymeric materials. Further discussion on suitable substrate
materials is given below. In one embodiment, the blank 22
is a thin metal sheet material approximately 0.030 inches
thick.

[0047] The blank 22 is bonded to a first machining base 24
using a suitable bonding layer 26, such as epoxy, wax,
thermoform or thermoset adhesives, and the like. In the
illustrated embodiment, the first machining base 24 is a
metal plate approximately 2.54 centimeters (1.0 inch) thick.
The first machining base 24 supports the relatively thin
blank 22 and provides reference surfaces 38 for subsequent
machining operations. Although the circular shape of the
assembly 20 is convenient for subsequent electro-plating
operations, the circular shape is not required.

[0048] FIG. 4 depicts the machining operation to form a
machined substrate 28 in the deck portion 27 of the blank 22.
Cutting tools 40a, 40b, 40c (collectively referred to as 40)
move along the deck 27 (see FIG. 2) to form a structured
surface 50 of machined substrate 28, whether by motion of
the cutting tools or the substrate or both, to form groove side
surfaces (see FIG. 5). The cutting tool 40a forms reference
grooves 44c, 44f in respective reference pads 30c, 30f,
cutting tool 40 forms reference grooves 44a, 44d in respec-
tive reference pads 30a, 30d, and cutting tool 40c forms
reference grooves 44b, 44¢ in respective reference pads 30b,
30e. A circular reference groove 46a, 46b, 46c, 46d, 46¢, 46f
concentric with the center of the machined substrate 28 is
optionally formed in each of the respective reference pads
30. Reference marks 43 may optionally be formed on the
edge of the modified blank 22' to assist in locating the
compound substrate 82 to perform the cutting operations
illustrated in FIG. 7.

[0049] Each tool 40 is depicted as a so-called “half-angle”
tool, which produces grooved side surfaces as it progresses
through the material rather than a pair of opposed groove
side surfaces, although this is not necessary. In the illustrated
embodiment, one of the grooved side surfaces is substan-
tially vertical (see FIG. 5). Consistent with direct machining
procedures, cutting tools 40 move along axes 42a, 42b, 42¢
that are substantially parallel to the x-y reference plane
defined by the reference surface 38, thus ensuring that the
respective groove side surfaces also extend along axes that
are substantially parallel to the reference plane. In the
illustrated embodiment, each of the axes 42a, 42b, 42¢
intersect two of the reference pads 30. Preferably, the axes
42a, 42b, 42¢ are carefully positioned and the tool orienta-
tion carefully selected so that the groove side surfaces have
a generally uniform depth.

[0050] 1t should be noted that although three cutting tools
are shown in FIG. 4, a single cutting tool could be used. The
cutting tool can be made of diamond or other suitably hard
material. The machined faces can be formed by any one of
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a number of known material removal techniques, for
example: milling, where a rotating cutter, spinning about its
own axis, is tilted and drawn along the surface of the
substrate; fly-cutting, where a cutter such as a diamond is
mounted on the periphery of a rapidly rotating wheel or
similar structure which is then drawn along the surface of the
substrate;

[0051] ruling, where a nonrotating cutter such as a
diamond is drawn along the surface of the substrate;
and grinding, where a rotating wheel with a cutting
tip or edge is drawn along the surface of the sub-
strate. Of these, preferred methods are those of
fly-cutting and ruling. It is not critical during the
machining operation whether the cutting tool, the
substrate, or both are translated relative to the sur-
roundings. Full-angle cutting tools are preferred
when possible over half-angle tools because the
former are less prone to breakage and allow higher
machining rates. Finally, cutting tools having a
curved portion or portions can be used in the dis-
closed embodiments to provide non-flat (curved)
surfaces or faces in order to achieve desired optical
or mechanical effects.

[0052] FIG. 5 shows an enlarged section of the structured
surface 50 machined in the machined substrate 28 illustrated
in FIG. 4. Structured surface 50 includes faces 54 arranged
in groups of three that form cube corner pyramids 56.
Interspersed between cube corner pyramids 56 on structured
surface 50 are protrusions 58. The protrusions 58 as shown
each have three mutually perpendicular side surfaces 60,
three generally vertical surfaces 61, and a top surface 62.
Depending on the procedure used to make the structured
surface 50, the generally vertical surfaces 61 of the protru-
sions 58 can be inclined to a greater or lesser extent away
from the vertical. In the illustrated embodiment, the cube
corner pyramids 56 cover about 50% of the machined
substrate and the protrusions 58 cover the other 50% of the
substrate.

[0053] The structured surface 50 is then cleaned and
passivated. The passivation step comprises applying a
release layer or modifying the surface 50 to permit separa-
tion of a subsequent replicated substrate 70 (see FIG. 6). In
an embodiment where the blank 22 is constructed from
metal, such as copper, the structured surface 50 can be
passivated with potassium dichromate or other passive solu-
tions. In an embodiment where the blank 22 is constructed
from acrylic or another polymeric material, vapor coated or
chemically deposited silver can be used to create the release
layer. The passivation step can be modified depending upon
the material used for the machined substrate 28 and the
replicated substrate 70.

[0054] In order to permit selective adhesion of the repli-
cated substrate 70 to the structured surface 50, the top
surfaces 62 of the protrusions 58 are treated. In one embodi-
ment, the top surfaces 62 are abraded. Abrasion of the top
surfaces 62 can be accomplished using a planarization
process, fly cutting, or a variety of other processes.

[0055] FIGS. 6 and 6a illustrate an assembly 81 that
results after forming a replicated substrate 70 over the
machined substrate 28 and the reference pads 30. Electro-
plating, casting a filler material, and a variety of other
techniques can form the replicated substrate 70. The thick-
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ness of the replicated substrate 70 is a matter of design
choice. In the illustrated embodiment, the replicated sub-
strate 70 has a thickness of about 2 times the height of the
desired cube corner elements.

[0056] As best illustrated in FIG. 64, due to the previous
passivation and abrasion steps, the replicated substrate 70
adheres to the structured surface 50 along the top surface 62
of the protrusions 58, but not along the passivated surfaces
of the pyramids 56 and the side surfaces 60, 61 of the
protrusions 58. Portions of the replicated substrate 70 pro-
trude into the machined substrate 28 to form a compound
substrate 82 (see also FIG. 9). A second machining base 74
is bonded to rear surface 76 of the replicated substrate 70
using a suitable bonding layer 78. Like the first machining
base 24, the second machining base 74 includes reference
surfaces 80 to aid in subsequent machining steps. The first
machining base 24 and bonding layer 26 are no longer
needed for the process and are removed from the assembly
20.

[0057] FIG. 7 is a perspective view of an assembly 81
comprising the modified blank 22' (machined substrate 28
and reference pads 30) selectively bonded to the replicated
substrate 70. The replicated substrate 70 is bonded to the
second machining base 74 by the bonding layer 78. In the
illustrated embodiment, rear surface 71 of the modified
blank 22' is substantially flat. The compound substrate 82
and reference pads 30 embedded in the assembly 81 are
shown in phantom for purposes of illustration only.

[0058] A series of four cuts are made around the perimeter
P1, P2, P3, P4 of compound substrate 82, permitting the
portions of the modified blank 22' surrounding the machined
substrate 28 to be removed from the assembly 81. Reference
marks 43 may optionally be used to locate the compound
substrate 82. The passivation layer facilitates removal of this
waste material. In an embodiment where the blank 22 and
replicated substrate 70 are constructed from metal, the
portion of the blank 22 surrounding the machined substrate
28 is a thin layer that can be peeled from the replicated
substrate 70.

[0059] FIG. 8 is a perspective view of a modified assem-
bly 83 with the portions of the blank 22 surrounding the
compound substrate 82 removed. Surface 85 is of the
replicated substrate 70. Surface 90, which extends above the
surface 85, is the back surface of the machined substrate 28.
Reference pad replicas 84a, 84b, 84c, 84d, 84e, 84f (col-
lectively referred to as 84) of the reference pads 30 define
cavities in the surface 85. The reference pad replicas 844,
84d have respective parallel ridges 86a, 864, replicas 84b,
84¢ have respective parallel ridges 86b, 86e, and replicas
84c, 84f have respective parallel ridges 86¢, 86f (collectively
referred to as 86). Each of the reference pad replicas 84 has
a ridge 88a, 88D, 88c, 88c, 88d, 88¢, 88f (collectively
referred to as 88), respectively, defining a circle concentric
with the center of the compound substrate 82. In the illus-
trated embodiment, the tops of the ridges 86, 88 are gener-
ally coplanar with the surface 85.

[0060] FIG. 9 is a schematic illustration of the machining
step performed on the back surface 90 of the machined
substrate 28. In the illustrated embodiment, the compound
substrate 82 comprises the machined substrate 28 and the
un-separated replicated substrate 70. The interface 92
between the structured surface 50 and the replicated sub-
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strate 70 is indicated by dashed line. Bonding at the interface
92, however, is limited to the abraded top surfaces 62 of the
protrusions 58. The passivation layer prevents or minimizes
adhesion along the remainder of the interface 92, such as
along the pyramids 56 or the side surfaces 60, 61 of the
protrusions 58.

[0061] The machining step illustrated in FIG. 4 is then
performed on the back surface 90 of the machined substrate
28 using the ridges 86, 88 as reference points to guide tool
101. The tool 101 may or may not be a half-angle tool. In an
embodiment where the machined substrate 28 and/or the
replicated substrate 70 are formed from a transparent or
semi-transparent material, or where the interface between
the machined substrate 28 and replicated substrate 70 can be
viewed along the perimeter P1, P2, P3, P4 of compound
substrate 82, the reference pad replicas 84 may be unnec-
essary. That is, alignment of the tools 42a, 42b, 42¢ can be
accomplished without resort to the reference pad replicas 84.
Where the machined substrate 28 is formed from an opaque
material such as metal, the reference pad replicas 84 (and
particularly the ridges 86) provide precise reference points
so that the machining step illustrated in FIG. 9 can be
performed.

[0062] After cuts are made along all three axes 42a, 42b,
42¢, waste portions 94 of the machined substrate 28 fall
away or are removed, leaving a cube corner cavity 118 in the
replicated substrate 70. In some embodiments, the tool 101
may cut into the replicated substrate 70 such that the
replicated substrate may include a replicated or formed
portion and a machined portion. The distal ends or top
surfaces 62 of the discrete pieces or protrusions 58 from the
machined substrate 28 are bonded to the replicated substrate
70. Bottom or proximal portions of the protrusions 58 are
machined to form cube corner pyramids 120a. The protru-
sions 58 on the machined substrate 28 remain embedded in
the replicated substrate 70. Once all of the waste portions 94
of the machined substrate 28 are removed from the repli-
cated substrate 70, the cube corner pyramids 120z and cube
corner cavities 118 form a geometric structured surface 100
with an array of PG cube corner elements (see FIG. 10).

[0063] FIG. 10 is a view of a geometric structured surface
100 on compound substrate 82 after all groove side surfaces
have been formed. Each of the cube corner cavities 118 has
three replicated faces 116a, 116b, 116¢ and each of the cube
corner pyramids 120a has three machined faces 126a, 126,
126c, configured approximately mutually perpendicular to
each other. In the case where the three faces of a cube corner
pyramid 120a are substantially aligned with adjacent faces
116 of cavities 118, and where such cavitiecs 118 have a
common orientation, the three faces of cube corner pyramid
120a (when considered separately) form a “truncated” cube
corner pyramid. Such a pyramid is characterized by having
exactly three nondihedral edges that form a “base triangle”
in the plane of the structured surface.

[0064] Each of the three faces 126a-c of the cube corner
pyramids 120a are machined to be substantially aligned with
the nearest face 116 of an adjacent cube corner cavity 118.
Consequently, each new cube corner cavity 132 comprising
one replicated cube corner cavity 118 and one machined face
126 from each of its neighboring geometric structures 120a.
Reference numeral 132a shows in bold outline one such
cube corner cavity 132. A given face of one of the cube
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corner cavities 132 comprises one face of a cube corner
cavity 118 formed in the replicated substrate 70 and one of
the faces 126a, 126b, or 126¢ machined in the machined
substrate 28. As will be discussed infra, faces 116 of the cube
corner cavity 118 are machined in the replicated substrate
70. Therefore, each cube corner cavity 132 comprises a
compound face made up of a portion substantially formed or
replicated in the replicated substrate 70 and a portion
machined in the machined substrate 28 separated by a
transition line 130. The transition lines 130 lie along the
boundary or interface between the machined substrate 28
and the replicated substrate 70.

[0065] One can also identify new cube corner pyramids
134 formed on the structured surface shown in FIG. 10.
Each cube corner pyramid 134 comprises one geometric
structure 120a, which is a cube corner pyramid, and one face
each of its neighboring cube corner cavities 118. Each face
of one of the pyramids 134 is a compound face comprising
a face 116 of one of the cavities 118 in the replicated
substrate 70 and a machined face from structure 120a
formed from the machined substrate 28. Reference numeral
1344 shows in bold outline of one such cube corner pyramid
134. Note that the reference points 122 locate the uppermost
extremities or peaks of the pyramids 134. Both cube corner
pyramids 134 and cube corner cavities 132 are PG cube
corner elements, since both have a face terminating at a
nondihedral edge of the cube corner element, such nondi-
hedral edge being nonparallel to reference plane x-y.

[0066] FIG. 11 shows a top view of the structured surface
of FIG. 10. Transition lines 130 are drawn narrower than
other lines to aid in identifying the PG cube corner elements,
i.e. cube corner cavities 132 and cube corner pyramids 134.
The compound faces of such PG cube corner elements
extend across opposite sides of the transition lines 130
separating discrete pieces of the machined substrate 28 from
the replicated substrate 70, to which they are bonded. In the
illustrated embodiment, all transition lines 130 lic in a
common plane referred to as a transition plane, which in the
case of this embodiment is coplanar with the x-y plane. The
faces of the structured surface machined in the machined
substrate 28 are disposed on one side of the transition plane
and the faces machined in the replicated substrate 70 are
disposed on the other side.

[0067] The machined cube corner article of FIGS. 10-11
can itself function as a retroreflective article, both with
respect to light incident from above (by virtue of cube corner
cavities 132) and, where the substrate is at least partially
transparent, with respect to light incident from below (by
virtue of cube corner pyramids 134). In either case, depend-
ing upon the composition of the substrate, a specularly
reflective thin coating such as aluminum, silver, or gold can
be applied to the structured surface to enhance the reflec-
tivity of the compound faces. In the case where light is
incident from below, reflective coatings can be avoided in
favor of an air interface that provides total internal reflec-
tion.

[0068] More commonly, however, the compound substrate
of FIGS. 10-11 is used as a mold from which end-use
retroreflective articles are made, whether directly or through
multiple generations of molds, using conventional replica-
tion techniques. Each mold or other article made from the
compound substrate will typically contain cube corner ele-
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ments having at least one face terminating at a nondihedral
edge of the cube corner element, the at least one face
comprising two constituent faces disposed on opposed sides
of a transition line, the transition line being nonparallel to
such nondihedral edge. As seen from FIGS. 10-11, transi-
tion lines 130 lie in the transition plane coincident with the
x-y plane, whereas nondihedral edges shown in bold for both
PG cube corner cavity 132 and PG cube corner pyramid 134
are inclined relative to the x-y plane. It is also possible to
fabricate surfaces where the transition lines do not all lie in
the same plane, by forming groove side surfaces at different
depths in the substrate.

[0069] Transition lines can in general take on a great
variety of forms, depending upon details of the cutting tool
used and on the degree to which the motion of the cutting
tool is precisely aligned with other faces in the process of
forming groove side surfaces. Although in many applica-
tions transition lines are an artifact to be minimized, in other
applications they can be used to advantage to achieve a
desired optical result such as a partially transparent article.
A detailed discussion of various transition line configura-
tions is set forth in commonly assigned U.S. Pat. No.
6,540,367 filed on the same date herewith, entitled Struc-
tured Surface Articles Containing Geometric Structures with
Compound Faces and Methods for Making Same, which is
incorporated by reference.

[0070] A wide variety of structured surfaces can be fab-
ricated using the present compound substrate 82 and the
machining technique described above. The PG cube corner
elements of FIG. 11 each have a symmetry axis that is
perpendicular to the x-y reference plane of the structured
surface. Cube corner elements typically exhibit the highest
optical efficiency in response to light incident on the element
roughly along the symmetry axis. The amount of light
retroreflected by a cube corner element generally drops as
the incidence angle deviates from the symmetry axis. FIG.
12 shows a top plan view of a structured surface 136 similar
to that of FIG. 11, extending along the X-y plane, except that
the PG cube corner elements of FIG. 12 are all canted such
that their symmetry axes are tilted with respect to the normal
of the structured surface. The symmetry axis for each PG
cube corner cavity 146 in FIG. 12 lies in a plane parallel to
the y-z plane, having a vertical component in the +z direc-
tion (out of the page) and a transverse component in the +y
direction. Symmetry axes for the PG cube corner pyramids
148 of FIG. 12 point in the opposite direction, with com-
ponents in the -z and -y directions. In fabricating surface
136, a compound substrate is used wherein the protrusions
of generally triangular cross-section are isosceles in shape,
rather than equilateral as in FIG. 1.

[0071] Four distinct types of cube corner elements are
present on the structured surface 136: truncated cube corner
cavities formed in replicated substrate 70 and a triangular
outline in plan view; truncated cube corner pyramids having
faces machined in discrete pieces of the machined substrate
28 and triangular outline; PG cube corner cavities having
compound faces and a hexagonal outline; and PG cube
corner pyramids, also having compound faces and a hex-
agonal outline. A representative cube corner cavity formed
in the replicated substrate 70 is identified in FIG. 12 by bold
outline 140, and a representative cube corner pyramid
machined in the machined substrate 28 is identified by bold
outline 142. Transition lines 144 separate machined from
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formed or replicated faces, and all such lines 144 lie in a
transition plane parallel to the x-y plane. In other embodi-
ments, the transition lines may lie parallel to a transition
plane but not be coplanar. Selected faces of cavities 140 and
pyramids 142 form canted PG cube corner elements, in
particular canted PG cube corner cavities 146 and canted PG
cube corner pyramids 148. Reference points 122, as before,
identify localized tips or peaks disposed above the x-y plane.

[0072] FIG. 13 shows a structured surface 1364 similar to
that of FIG. 12, and like features bear the same reference
numeral as in FIG. 12 with the added suffix “a”. PG cube
corner elements of FIG. 13 are canted with respect to the
normal of structured surface 1364, but in a different direc-
tion compared to that of the PG cube corner elements of
FIG. 12. The symmetry axis for each PG cube corner cavity
1464 is disposed in a plane parallel to the y-z plane, and has
a vertical component in the +z direction and a transverse
component in the -y direction.

[0073] FIG. 14 shows a structured surface similar to that
of FIGS. 12 and 13, and like features bear the same
reference numeral as in FIG. 12 with the added suffix “b”.
PG cube corner elements in FIG. 14 are also canted, but,
unlike the PG cube corner elements of FIGS. 12 and 13, the
degree of cant is such that the outline in plan view of each
PG cube corner element has no mirror-image plane of
symmetry. The cube corner cavities of FIG. 14 each have a
symmetry axis that has components in the +z, +y, and -x
direction. It will be noted that the triangles formed by
transition lines 144 (FIG. 12) are isosceles triangles each
having only one included angle less than 60 degrees; tri-
angles formed by lines 144a (FIG. 13) are isosceles tri-
angles each having only one included angle greater than 60
degrees; and triangles formed by lines 144b (FIG. 14) are
scalene triangles. Representative values in degrees for the
included angles of triangles defined by transition lines 144a
are, respectively: (70, 70, 40); (80, 50, 50); and (70, 60, 50).

[0074] The embodiments discussed above have associated
therewith an asymmetrical entrance angularity (i.c., when
rotated about an axis within the plane of the sheeting).
Embodiments with symmetrical entrance angularity are also
possible, such as the matched-pair cube corner structure
discussed in connection with FIGS. 15-23.

[0075] FIGS. 15 and 16 depict an alternate machined
substrate 200 in accordance with the present invention. The
machined substrate 200 is bonded to a first machining base
202 by a first bonding layer 204. Two sets of grooves 206,
208 parallel to axis 207a 207b, respectively, are formed
using tools 201a, 201b to define a machined surface 212. In
the illustrated embodiment, the machined surface 212
includes faces 213 arranged in groups of four that form
four-sided pyramids 210 having an apex or reference point
215. The four-sided pyramids 210 are arranged in rows 217,
222,223. Other geometric structures 211 are also formed by
the grooves 206, 208.

[0076] As illustrated in sectional view FIG. 17, the
machined surface 212 is then cleaned and passivated. The
passivation step comprises applying a release layer or mak-
ing a surface modification 216 (referred to collectively as
“passivated surface”) on the machined surface 212 to permit
separation of a subsequent replicated substrate 214 (see
FIG. 20). In one embodiment, the passivated surface is
formed on only a portion of the machined surface 212.
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[0077] As illustrated in FIGS. 18 and 19, additional
grooves 220a, 220b, 220c (referred to collectively as 220)
are formed in the machined surface 212 parallel to axis 207¢
using tool 201c¢ in order to remove portions of some of the
geometric structures 211. The grooves 220 also remove
some of the surface modification 216 to permit selective
adhesion of the replicated substrate 214 (see FIG. 20) to the
machined surface 212. As best illustrated in FIG. 19, the
passivated surface 216 is not present along flat regions 228
or along side walls 230, while the passivated surface 216 on
faces 213 is substantially intact.

[0078] FIG. 20 illustrates an assembly 232 that results
after forming a replicated substrate 214 over the machined
substrate 200'. Electro-plating, casting a filler material, and
a variety of other techniques can form the replicated sub-
strate 214. Due to the previous passivation step, the repli-
cated substrate 214 adheres to the flat regions 228 and side
walls 230, but not along the passivated surfaces 216. Por-
tions 234 of the replicated substrate 214 protrude into, and
bond with, the machined substrate 200' along surfaces 228,
230 to form a compound substrate 236. A second machining
base 250 is bonded to rear surface 252 of the replicated
substrate 214 using a suitable bonding layer 254. Like the
first machining base 202, the second machining base 250
includes reference surfaces (see FIG. 3) to aid in subsequent
machining steps. The first machining base 202 and bonding
layer 204 are no longer needed for the process and are
removed from the assembly 232. The second machining
base 250 supports the compound substrate 236 during
machining of the back surface 260, discussed below.

[0079] FIGS. 21 and 22 illustrate the machining step
performed on the back surface 260 of the compound sub-
strate 236. Grooves 268a, 268b, 268¢ are formed along axes
270a, 270b, 270c using tools 272a, 272b, 272¢c. The grooves
268a, 268b, 268c may extend into the replicated substrate
214. Waste portions 274 are not bonded to the replicated
substrate 214 because of the passivation layer 216. Conse-
quently, after the grooves 268 are made along all three axes
270, waste portions 274 fall away or are removed, leaving
four-sided cavities 276 in the replicated substrate 214.

[0080] Discrete pieces or portions 278, 280 of the com-
pound substrate 236, however, are bonded to the replicated
substrate 214 along surfaces 230. Bottom or proximal por-
tions of the portions 278, 280 are machined to form three-
sided pyramids 282. The portions 278, 280 of the machined
substrate 200' remain embedded in the replicated substrate
214 portion of the compound substrate 236. Once all of the
waste portions 274 of the compound substrate 236 are
removed from the replicated substrate 214, thus exposing all
of the four-sided cavities 276, the three-sided pyramids 282
and four-sided cavities 276 form a geometric structured
surface 290 comprising an array of PG cube corner elements
(see FIG. 23).

[0081] In an embodiment where the machined substrate
200" and/or the replicated substrate 214 are formed from a
transparent or semi-transparent material, or where the inter-
face between the machined substrate 200" and replicated
substrate 214 can be viewed along the perimeter of com-
pound substrate 236, reference pads such as illustrated in
connection with FIGS. 2-8 may be unnecessary. That is,
alignment of the tools can be accomplished without resort to
the reference pad. Where the machined substrate 200" is
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formed from an opaque material such as metal, reference
pads such as illustrated in FIG. 2 provide precise reference
points so that the machining step illustrated in FIG. 21 can
be performed.

[0082] FIG. 23 illustrates the geometric structured surface
290 after all groove side surfaces have been formed. This
geometry results in two different types of PG cube corner
elements on the structured surface. Cube corner pyramid
296 has face g and compound faces h, h'; i, i’ separated by
transition lines a and b, respectively. Cube corner pyramid
298 has face j and compound faces k, k'; 1, I' separated by
transition lines ¢ and d, respectively. Faces g and j are
polygons with more than three sides. Consequently, in the
top view of FIG. 23, the cube corner pyramids 296,298 each
have a rectangular shape as shown by the respective dashed
outlines, rather than a hexagonal outline as depicted in
FIGS. 10-14. In an embodiment where the grooves 272¢ are
all of the same depth, the cube corner elements 296 and 298
are opposing or matched pair cube corner elements that
provide symmetric entrance angularity. Depending upon the
aspect ratio, the plan view rectangular outlines of the cube
corner elements can also include a square outline.

[0083] Cube corner elements of FIG. 23 can be (forward
or backward) canted or uncanted as desired. Producing cube
corner elements that are canted to a greater or lesser degree
is accomplished by tailoring the shape of the diamond-
shaped protrusions and then the orientation of the groove
side surfaces (g, h, i, j, k, 1) to be in conformance with the
desired degree of canting. If canting is used, then such
matched pairs can, in keeping with principles discussed in
U.S. Pat. No. 4,588,258 (Hoopman), U.S. Pat. No. 5,812,
315 (Smith et al.), and U.S. Pat. No. 5,822,121 (Smith et al.),
give rise to widened retroreflective angularity so that an
article having the structured surface will be visible over a
widened range of entrance angles.

[0084] During the present machining process, the cutting
tool removes a relatively large amount of material because
the angle between the steeply inclined side wall and the
subsequent machined face is often in excess of 10 degrees,
typically ranging from about 10 to about 45 degrees. Some
of the groove side surfaces can then be formed in such a
modified machined substrate by leaving more material on
the cavities or protrusions during either or both machining
steps, thereby reducing tool forces which could detrimen-
tally cause distortions. Another benefit is less wear on the
cutting tool. A modified machined substrate can also be used
as a master from which future generations of positive/
negative molds can be made. Various geometric configura-
tions for modified machined substrate are disclosed in
commonly assigned U.S. Pat. No. 6,540,367 filed on the
same date herewith, entitled Structured Surface Articles
Containing Geometric Structures with Compound Faces and
Methods for Making Same, which is incorporated by refer-
ence.

[0085] The cube corner elements disclosed herein can be
individually tailored so as to distribute light retroreflected by
the articles into a desired pattern or divergence profile, as
taught by U.S. Pat. No. 4,775,219 (Appledorn et al.). For
example, compound faces that make up the PG cube corner
elements can be arranged in a repeating pattern of orienta-
tions that differ by small amounts, such as a few arc-minutes,
from the orientation that would produce mutual orthogonal-
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ity with the other faces of cube corner element. This can be
accomplished by machining groove side surfaces (both those
that ultimately become the faces in the finished mold below
the transition plane as well as those that become faces in the
finished mold above the transition plane) at angles that differ
from those that would produce mutually orthogonal faces by
an amount known as a “groove half-angle error”. Typically
the groove half-angle error introduced will be less than +20
arc minutes and often less than +5 arc minutes. A series of
consecutive parallel groove side surfaces can have a repeat-
ing pattern of groove half-angle errors such as abbaabba . .
. or abcdabed . . ., where a, b, ¢, and d are unique positive
or negative values. In one embodiment, the pattern of groove
half-angle errors used to form faces in the finished mold
above the transition plane can be matched up with the
groove half-angle errors used to form faces in the finished
mold below the transition plane. In this case, the portions of
each compound face on the machined substrate and the
replicated substrate will be substantially angularly aligned
with each other. In another embodiment, the pattern used to
form one set of faces can differ from the pattern used to form
the other, as where the faces below the transition plane
incorporate a given pattern of nonzero angle errors and faces
above the transition plane incorporate substantially no angle
errors or a different pattern of non-zero errors. In this latter
case, the portions of each compound face on the machined
substrate and the replicated substrate will not be precisely
angularly aligned with each other.

[0086] Advantageously, such substrates can serve as a
master substrate from which future generations of positive/
negative molds can be made, all having the same general
shape of cube corner element in plan view but having
slightly different face configurations. One such daughter
mold can incorporate cube corner elements that each have
compound faces whose constituent faces are aligned, the
compound faces all being mutually perpendicular to the
remaining faces of the cube corner element. Another such
daughter mold can incorporate cube corner elements that
also have compound faces whose constituent faces are
aligned, but the compound faces can differ from orthogo-
nality with remaining faces of the cube corner element. Still
another such daughter mold can incorporate cube corner
elements that have compound faces whose constituent faces
are not aligned. All such daughter molds can be made from
a single master mold with a minimal amount of material
removed by machining.

[0087] The working surface of the mold substrates can
have any suitable physical dimensions, with selection crite-
ria including the desired size of the final mold surface and
the angular and translational precision of the machinery used
to cut the groove surfaces. The working surface has a
minimum transverse dimension that is greater than two cube
corner elements, with each cube corner element having a
transverse dimension and/or cube height preferably in the
range of about 25 um to about 1 mm, and more preferably
in the range of about 25 um to about 0.25 mm. The working
surface is typically a square several inches on a side, with
four inch (10 cm) sides being standard. Smaller dimensions
can be used to more easily cut grooves in registration with
formed surfaces over the whole structured surface. The
substrate thickness can range from about 0.5 to about 2.5
mm. (The measurements herein are provided for illustrative
purposes only and are not intended to be limiting.) A thin
substrate can be mounted on a thicker base to provide
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rigidity. Multiple finished molds can be combined with each
other e.g. by welding in known tiling arrangements to yield
a large tiled mold that can then be used to produce tiled
retroreflective products.

[0088] In the manufacture of retroreflective articles such
as retroreflective sheeting, the structured surface of the
machined substrate is used as a master mold that can be
replicated using electroforming techniques or other conven-
tional replicating technology. The structured surface can
include substantially identical cube corner elements or can
include cube corner elements of varying sizes, geometry, or
orientations. The structured surface of the replica, some-
times referred to in the art as a ‘stamper’, contains a negative
image of the cube corner elements. This replica can be used
as a mold for forming a retroreflective article. More com-
monly, however, a large number of suitable replicas are
assembled side-by-side to form a tiled mold large enough to
be useful in forming tiled retroreflective sheeting. Retrore-
flective sheeting can then be manufactured as an integral
material, e.g. by embossing a preformed sheet with an array
of cube corner elements as described above or by casting a
fluid material into a mold. See, JP 8-309851 and U.S. Pat.
No. 4,601,861 (Pricone). Alternatively, the retroreflective
sheeting can be manufactured as a layered product by
casting the cube corner elements against a preformed film as
taught in PCT application No. WO 95/11464 (Benson, Jr. et
al.) and U.S. Pat. No. 3,684,348 (Rowland) or by laminating
a preformed film to preformed cube corner elements. By
way of example, such sheeting can be made using a nickel
mold formed by electrolytic deposition of nickel onto a
master mold. The electroformed mold can be used as a
stamper to emboss the pattern of the mold onto a polycar-
bonate film approximately 500 gm thick having an index of
refraction of about 1.59. The mold can be used in a press
with the pressing performed at a temperature of approxi-
mately 175° to about 200° C.

[0089] The various mold substrates discussed above can
generally be categorized into two groups: replicated sub-
strates, which receive at least part of their structured surface
by replication from a prior substrate, and bulk substrates,
which do not. Suitable materials for use with bulk mold
substrates are well known to those of ordinary skill in the art,
and generally include any material that can be machined
cleanly without burr formation and that maintains dimen-
sional accuracy after groove formation. A variety of mate-
rials such as machinable plastics or metals may be utilized.
Acrylic is an example of a plastic material; aluminum, brass,
electroless nickel, and copper are examples of useable
metals.

[0090] Suitable materials for use with replicated mold
substrates that are not subsequently machined are well
known to those of ordinary skill in the art, and include a
variety of materials such as plastics or metals that maintain
faithful fidelity to the prior structured surface. Thermally
embossed or cast plastics such as acrylic or polycarbonate
can be used. Metals such as electrolytic nickel or nickel
alloys are also suitable.

[0091] Suitable materials for use with replicated mold
substrates whose structured surface is subsequently
machined are also well known to those of ordinary skill in
the art. Such materials should have physical properties such
as low shrinkage or expansion, low stress, and so on that
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both ensure faithful fidelity to the prior structured surface
and that lend such materials to diamond machining. A plastic
such as acrylic (PMMA) or polycarbonate can be replicated
by thermal embossing and then subsequently diamond
machined. Suitable hard or soft metals include electrode-
posited copper, electroless nickel, aluminum, or composites
thereof.

[0092] With respect to retroreflective sheeting made
directly or indirectly from such molds, useful sheeting
materials are preferably materials that are dimensionally
stable, durable, weatherable and readily formable into the
desired configuration. Examples of suitable materials
include acrylics, which generally have an index of refraction
of about 1.5, such as Plexiglas resin from Rohm and Haas;
thermoset acrylates and epoxy acrylates, preferably radia-
tion cured, polycarbonates, which have an index of refrac-
tion of about 1.6; polyethylene-based ionomers (marketed
under the name ‘SURLYN’); polyesters; and cellulose
acetate butyrates. Generally any optically transmissive
material that is formable, typically under heat and pressure,
can be used. Other suitable materials for forming retrore-
flective sheeting are disclosed in U.S. Pat. No. 5,450,235
(Smith et al.). The sheeting can also include colorants, dyes,
UV absorbers, or other additives as needed.

[0093] Tt is desirable in some circumstances to provide
retroreflective sheeting with a backing layer. A backing layer
is particularly useful for retroreflective sheeting that reflects
light according to the principles of total internal reflection.
A suitable backing layer can be made of any transparent or
opaque material, including colored materials, that can be
effectively engaged with the disclosed retroreflective sheet-
ing. Suitable backing materials include aluminum sheeting,
galvanized steel, polymeric materials such as polymethyl
methacrylates, polyesters, polyamids, polyvinyl fluorides,
polycarbonates, polyvinyl chlorides, polyurethanes, and a
wide variety of laminates made from these and other mate-
rials.

[0094] The backing layer or sheet can be sealed in a grid
pattern or any other configuration suitable to the reflecting
elements. Sealing can be affected by use of a number of
methods including ultrasonic welding, adhesives, or by heat
sealing at discrete locations on the arrays of reflecting
elements (sce, e.g. U.S. Pat. No. 3,924,928). Sealing is
desirable to inhibit the entry of contaminants such as soil
and/or moisture and to preserve air spaces adjacent the
reflecting surfaces of the cube corner elements.

[0095] If added strength or toughness is required in the
composite, backing sheets of polycarbonate, polybutryate or
fiber-reinforced plastic can be used. Depending upon the
degree of flexibility of the resulting retroreflective material,
the material can be rolled or cut into strips or other suitable
designs. The retroreflective material can also be backed with
an adhesive and a release sheet to render it useful for
application to any substrate without the added step of
applying an adhesive or using other fastening means.

Glossary of Selected Terms

[0096] An “array of neighboring cube corner elements”
means a given cube corner element together with all adja-
cent cube corner elements bordering it.

[0097] “Compound face” means a face composed of at
least two distinguishable faces (referred to as “constituent
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faces™) that are proximate each other. The constituent faces
are substantially aligned with one another, but they can be
offset translationally and/or rotationally with respect to each
other by relatively small amounts (less than about 10
degrees of arc, and preferably less than about 1 degree of
arc) to achieve desired optical effects as described herein.

[0098] “Compound substrate” means a substrate formed
from a machined substrate having a structured surface and a
replicated substrate (collectively referred to as “layers™)
bonded along at least a portion of the interface with the
machined substrate. One or more of the layers of the
compound substrate may be discontinuous.

[0099] “Cube corner cavity” means a cavity bounded at
least in part by three faces arranged as a cube corner
element.

[0100] “Cube corner element” means a set of three faces
that cooperate to retroreflect light or to otherwise direct light
to a desired location. Some or all of the three faces can be
compound faces. “Cube corner element” also includes a set
of three faces that itself does not retroreflect light or other-
wise direct light to a desired location, but that if copied (in
either a positive or negative sense) in a suitable substrate
forms a set of three faces that does retroreflect light or
otherwise direct light to a desired location.

[0101] “Cube corner pyramid” means a mass of material
having at least three side faces arranged as a cube corner
element.

[0102] “Cube height” means, with respect to a cube corner
element formed on or formable on a substrate, the maximum
separation along an axis perpendicular to the substrate
between portions of the cube corner element.

[0103] “Dihedral edge” of a cube corner element is an
edge of one of the three faces of the cube corner element that
adjoins one of the two other faces of the same cube corner
element. Note that any particular edge on a structured
surface may or may not be a dihedral edge, depending upon
which cube corner element is being considered.

[0104] “Direct machining” refers to forming in the plane
of a substrate one or more groove side surfaces typically by
drawing a cutting tool along an axis substantially parallel to
the plane of the substrate.

[0105]

[0106] “Geometric structure” means a protrusion or cavity
having a plurality of faces.

[0107] “Groove” means a cavity elongated along a groove
axis and bounded at least in part by two opposed groove side
surfaces.

[0108] “Groove side surface” means a surface or series of
surfaces capable of being formed by drawing one or more
cutting tools across a substrate in a substantially continuous
linear motion. Such motion includes fly-cutting techniques
where the cutting tool has a rotary motion as it advances
along a substantially linear path.

[0109] “Nondihedral edge” of a cube corner element is an
edge of one of the three faces of the cube corner element that
is not a dihedral edge of such cube corner element. Note that
any particular edge on a structured surface may or may not
be a nondihedral edge, depending upon which cube corner
element is being considered.

“Face” means a substantially smooth surface.
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[0110] “PG cube corner element” stands for “preferred
geometry” cube corner element, and is defined in the context
of a structured surface of cube corner elements that extends
along a reference plane. For the purposes of this application,
a PG cube corner element means a cube corner element that
has at least one nondihedral edge that: (1) is nonparallel to
the reference plane; and (2) is substantially parallel to an
adjacent nondihedral edge of a neighboring cube corner
element. A cube corner element whose three reflective faces
are all rectangles (inclusive of squares) is one example of a
PG cube corner element.

[0111] “Protrusion” has its broad ordinary meaning, and
can comprise a pyramid.

[0112] “Pyramid” means a protrusion having three or more
side faces that meet at a vertex, and can include a frustum.

[0113] “Reference plane” means a plane or other surface
that approximates a plane in the vicinity of a group of
adjacent cube corner elements or other geometric structures,
the cube corner elements or geometric structures being
disposed along the plane.

[0114] “Retroreflective” means having the characteristic
that obliquely incident incoming light is reflected in a
direction antiparallel to the incident direction, or nearly so,
such that an observer at or near the source of light can detect
the reflected light.

[0115] “Structured” when used in connection with a sur-
face means a surface that has a plurality of distinct faces
arranged at various orientations.

[0116] “Symmetry axis” when used in connection with a
cube corner element refers to the vector that originates at the
cube corner apex and forms an equal acute angle with the
three faces of the cube corner element. It is also sometimes
referred to as the optical axis of the cube corner element.

[0117] “Transition line” means a line or other elongated
feature that separates constituent faces of a compound face.

[0118] “Waste pieces” means portions of the compound
substrate that are discarded using the present fabrication
methods.

[0119] All patents and patent applications referred to
herein are incorporated by reference. Although the present
invention has been described with reference to preferred
embodiments, workers skilled in the art will recognize that
changes can be made in form and detail without departing
from the spirit and scope of the invention.

What is claimed is:

1. A geometric structure having a plurality of faces
disposed on a compound substrate, the compound substrate
comprising a machined substrate and a substantially repli-
cated substrate, wherein at least one of the faces is located
on the machined substrate and at least one of the faces is
located on the replicated substrate.

2. The geometric structure of claim 1, wherein the geo-
metric structure comprises a cube corner element.

3. The geometric structure of claim 1, wherein at least one
of the faces comprises a compound face, wherein a portion
of the compound face is located on the machined substrate
and a portion of the compound face is located on the
replicated substrate.
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4. The geometric structure of claim 3, wherein the portion
of the compound face on the machined substrate is substan-
tially aligned with the portion on the replicated substrate.

5. The geometric structure of claim 3, wherein the portion
of the compound face on the machined substrate and the
portion on the replicated substrate have angular orientations
that differ by less than 10 degrees of arc.

6. The geometric structure of claim 3, wherein the com-
pound face has a transition line separating the portion on the
machined substrate from the portion on the replicated sub-
strate.

7. The geometric structure of claim 6, wherein the com-
pound face terminates at a nondihedral edge of a cube corner
element, and wherein the transition line is nonparallel to the
nondihedral edge.

8. The geometric structure of claim 1, wherein the geo-
metric structure comprises a cube corner element having an
outline in plan view selected from the group of shapes
consisting of a hexagon and a rectangle.

9. A method of making a geometric structure in an article,
comprising the steps of:

providing a compound substrate having a structured sur-
face formed along an internal interface between two
substrates; and

forming grooved side surfaces in an exposed surface of
the compound substrate to form a geometric structure,
the geometric structure comprising a portion of the
internal interface and a portion of the grooved side
surfaces.

10. The method of claim 9, wherein the geometric struc-
ture comprises one of a cube corner element or a PG cube
corner element.

11. The method of claim 9, wherein the providing step
comprises the steps of:

passivating a surface of at least one of the two substrates;
and

selectively removing portions of the passivated surface.

12. The method of claim 9, wherein the forming step
comprises forming an array of cube corner elements, which
array includes the geometric structure.

13. The method of claim 9, wherein at least some of the
cube corner elements are canted and arranged in opposing
orientations.

14. The method of claim 9, further comprising forming at
least one reference mark in at least one of the two substrates.

15. The method of claim 9, wherein the grooved side
surfaces extend along axes that are parallel to a common
plane.

16. The method of claim 9, wherein the providing step
comprises:

providing a first substrate;

forming a plurality of faces in a first surface of the first
substrate; and

forming a second substrate over the plurality of faces as
a replica.
17. The method of claim 16, wherein the forming a
plurality of faces in the first surface comprises forming at
least two intersecting sets of parallel v-shaped grooves.
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18. The method of claim 9, wherein the step of forming
grooved side surfaces produces discrete pieces of one of the
two substrates on the other substrate, the method further
comprising the step of:

removing at least some of the discrete pieces to expose
portions of the internal interface.
19. The method of claim 9, further comprising the step of:

replicating the geometric structure to form retroreflective

sheeting.

20. The method of claim 9, wherein the step of forming
grooved side surfaces comprises the step of forming a
plurality of geometric structures selected from the group
consisting of three-sided geometric structures and four-sided
geometric structures.

21. A method of making a structured surface article
comprising a geometric structure having a plurality of faces,
the method comprising the steps of:
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forming a plurality of faces in a first surface of a machined
substrate;

forming a replicated substrate of the machined substrate
to form a compound substrate;

forming a plurality of faces in a second surface of the
machined substrate opposite the first surface; and

removing selected portions of the machined substrate to
form a geometric structure having at least a first face
disposed on the machined substrate and at least a
second face disposed on the replicated substrate.

22. The method of claim 21, wherein the geometric
structure is one of a plurality of geometric structures each
comprising a cube corner element, at least some of the cube
corner elements being arranged in opposing orientations.



